Introduction {#S0001}
============

Stroke is a leading cause of death worldwide and a major contributory factor to permanent disability.[@CIT0001],[@CIT0002] Blood--brain barrier (BBB) injury is a significant physiological and pathological consequence of ischemic stroke, contributing to early death, severe long-term cognitive impairment, and poor clinical prognosis.[@CIT0003],[@CIT0004] Evaluation of BBB permeability in early cerebral ischemia and development of effective strategies to protect BBB function and prevent secondary brain injury after stroke, therefore remains an urgent medical requirement.[@CIT0005]

BBB function depends on tight junctions (TJ) between adjacent endothelial cells, which are composed of transmembrane molecules (claudins, occludins, junctional adhesion molecules, and others), scaffold proteins (zona occludens (ZOs), afadin, and membrane-associated guanylate kinase), and connexins (cingulin and myosin).[@CIT0006] Matrix metalloproteinases (MMP), a superfamily of calcium-dependent zinc endopeptidases, act to remodel and degrade the extracellular matrix (ECM), which is critical for BBB function and signal transduction in the neurovascular unit.[@CIT0007] Stroke triggers alterations in MMP levels (including increased expression of MMP-2/9), promoting ECM degradation, TJ destruction, and consequently, BBB permeability.

TJs are connected via connexins to the actin cytoskeleton, which maintains the endothelial cell structure and vascular permeability.[@CIT0008],[@CIT0009] Early BBB destruction is associated with endothelial cytoskeleton rearrangement. Stress fiber contraction transfers tension to cell junctions anchored to the actin cytoskeleton, resulting in damage to the junction complex, destabilization of endothelial cell junctions, and increased BBB permeability.[@CIT0010]--[@CIT0012] Rho-related coiled helix-forming protein kinases (ROCK1 and ROCK2) are molecular switches that regulate cytoskeletal rearrangement. ROCK1/2 activation increases phosphorylation of myosin light chains (MLC) and cofilin, regulates actin kinetics, enhances stress fiber formation, and alters cell contractility[@CIT0013],[@CIT0014].

GRS is a traditional Chinese medicine (TCM) comprising three pharmacologically active components (ginsenoside Rb1, ruscogenin, and schisandrin A). Ginsenoside Rb1 has been shown to exert protective effects against central nervous system (CNS) diseases.[@CIT0015] Ruscogenin, the main active component of *Ophiopogon japonicus*, protects against BBB disruption in ischemia/reperfusion (I/R) injury by inhibiting inflammation and mitogen-activated protein kinase signaling.[@CIT0016] Schisandrin A exerts protective effects against D-galactose-induced oxidative brain damage and improves cognitive impairment in rats.[@CIT0017] Previous findings suggest that GRS mitigates myocardial I/R injury by suppressing mitochondria-mediated apoptosis and modulating AMP-activated protein kinase-mediated mitochondrial fission.[@CIT0018] However, the effects of GRS on ischemic stroke are yet to be characterized.

The main objective of the current study was to evaluate the effects of GRS on BBB permeability in ischemic stroke with the aid of a middle cerebral artery (MCA) occlusion/reperfusion (MCAO/R) C57BL/6J mouse model. The mechanisms underlying the protective effects of GRS against I/R were further investigated using an oxygen glucose deprivation/reoxygenation (OGD/R)-induced endothelial barrier permeability model of bEnd.3 cells. Our collective findings indicate that GRS exerts a significant protective effect on the bEnd.3 endothelial barrier, preventing OGD/R-induced damage.

Methods {#S0002}
=======

Reagents {#S0002-S2001}
--------

GRS isolated by our group was prepared for use by dissolving in ethanol and subsequently diluting to 5% ethanol using normal saline (chemical structures of the three components of GRS are depicted in [Figure 1A](#F0001){ref-type="fig"}). Fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G and horseradish peroxidase-conjugated goat anti-rabbit and anti-mouse immunoglobulin G were purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA). All chemicals were of the highest available purity.Figure 1Chemical structures of the three components of GRS. (**A**) Ginsenoside Rb1 (a), ruscogenin (b) and schisandrin (c). (**B**) Vehicle (open triangle) and GRS were administered i.p. 1 h after ischemia. EDA was administered i.p. 20 min before middle cerebral artery occlusion.

Cell Culture {#S0002-S2002}
------------

The bEnd.3 cells, which were purchased from the KeyGen BioTECH (Nanjing, China), were cultured in RPMI1640 complete medium containing 15% fetal bovine serum. After reaching 80--90% confluence, the medium was removed and cells washed with 2 mL phosphate-buffered saline (PBS). Next, 1 mL trypsin was added for \~2 mins to detach cells. Once the cells were detached, trypsin was removed and 2 mL complete culture medium added. Cells were centrifuged at 800 rpm for 5 mins and supernatant discarded, followed by the addition of fresh medium. The suspension was blown gently. Cells were subsequently plated on 60 mm culture dishes at a density of 2 × 10^5^ cells/mL (4 mL total) and incubated at 37°C in a 5% CO~2~ for 2--3 days.

Animals {#S0002-S2003}
-------

C57BL/6J mice weighing 18--22 g with 6--8 weeks were provided by the Reference Animal Research Centre of Yangzhou University (Yangzhou, China). All procedures were approved by the Animal Ethics Committee of the School of Chinese Materia Medica, China Pharmaceutical University (Nanjing, China). Experiments were performed in accordance with the National Institutes of Health Guide for the Care and use of Laboratory Animals (National Institutes of Health Publication No 80--23, revised in 1996). All animals were randomly assigned according to weight to experimental groups and operators blinded to the study procedures.

Focal Cerebral I/R {#S0002-S2004}
------------------

MCAO was induced in C57BL/6J mice, followed by reperfusion, as reported previously ([Figure 1B](#F0001){ref-type="fig"}).[@CIT0019] Mice were anesthetized with 4% chloral hydrate (0.1 mL per 10 g body weight, i.p.). Neck vessels were exposed by a midline incision, and the branches of the right external carotid artery carefully isolated and cauterized. A 6--0 nylon monofilament suture, blunted at the tip and coated with 1% poly-L-lysine, was advanced 9--10 mm into the internal carotid artery for MCAO. Body temperature was maintained at 37.0 ± 0.5°C using a heating pad (ALCBIO, Shanghai, China) during surgery and ischemia. Sham animals underwent the same procedure, but the suture was not advanced into the internal carotid artery. A laser Doppler ﬂow meter (FLPI2; Moor Instruments Ltd., Axminster, UK) was used to confirm decreased MCA blood ﬂow. Mice with 30% blood flow relative to pre-ischemia levels were used for further experiments.

Evaluation of Infarct Volume, Neurological Deficits, and Brain Water Content {#S0002-S2005}
----------------------------------------------------------------------------

The protective effects of GRS were examined in mice randomly divided into six groups (n = 6 per group): sham, I/R, GRS after 1 h MCAO, GRS (i.p.), and 0.9% sodium chloride (i.p.). After reperfusion for 24 h, mice were anesthetized with 4% choral hydrate and sacrificed. Mouse brains were removed, dissected, and sectioned. Five slices (1.5 mm thickness) were incubated with 1% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich Co., St Louis, MO, USA) for 30 min in the dark, followed by fixing with 4% paraformaldehyde (PFA). Lesions areas that were not stained red were quantitatively analyzed with Quantity One analysis software (Bio-Rad Laboratories Inc., Hercules, CA, USA). Infarct volume was calculated based on slice thickness and measured lesion areas. Data are expressed as a percentage of infarct volume, compared to total hemisphere volume. Behavioral assessment was performed 24 h after reperfusion. Neurological deficits were graded on an 18-point scale as described previously. Spontaneous activity, symmetry of movement, symmetry of forelimbs, climbing, reaction to touch, and response to vibrissae touch were evaluated.[@CIT0020] Each test value was scored on a four-point scale (0--3). The total score was the sum of the individual test scores, with a maximum score of 18 for healthy animals. Brain water content was determined 24 h after reperfusion with the wet--dry method using the following equation: ((wet weight -- dry weight)/wet weight) × 100%.

Cerebral Blood Flow Measurement {#S0002-S2006}
-------------------------------

Laser Doppler ﬂowmetry was applied for cerebral blood flow (CBF) assessment. A computer-controlled optical scanner directed a low-power laser beam over the exposed cortex. The scanner head was positioned parallel to the cortex at a distance of \~20 cm. A color-coded image indicating relative perfusion levels was displayed on a video monitor. Images were acquired at ischemia onset and during reperfusion (n = 6 per group).

Hematoxylin and Eosin Staining {#S0002-S2007}
------------------------------

Histological analysis was performed using hematoxylin and eosin (H&E) staining. Animal brains were immediately removed 24 h after reperfusion under deep anesthesia with chloral hydrate, fixed in 10% phosphate-buffered formalin for 24 h, and embedded in paraffin wax. A series of adjacent brain sections (5 µm thick) were cut in the coronal plane, followed by staining with H&E. Histological analysis was performed by a pathologist blinded to the treatment groups.

Evaluation of BBB Permeability {#S0002-S2008}
------------------------------

We evaluated leakage of Evans blue (EB) dye into the brain for the BBB permeability test following tail vein injection.[@CIT0021] Two hours before sacrifice, 0.1 mL/10 g body weight of 2% EB in normal saline was injected into each animal. Animals were anesthetized and perfused with normal saline. For quantitative measurement of EB leakage, the ipsilateral hemisphere was removed and homogenized in 1 mL trichloroacetic acid, followed by centrifugation at 12,000 × g for 20 min. The EB concentration in the supernatant was determined at 620 nm using a spectrophotometer, quantified using a standard curve, and calculated as micrograms EB per gram of tissue.

Western Blot {#S0002-S2009}
------------

Proteins extracted from ischemic cortices and corresponding cortices of sham-operated mice were analyzed via Western blot. Membranes were incubated overnight at 4°C with primary antibodies: ZO-1 (1:100; ab59720, Abcam, Cambridge, UK), claudin-5 (1:500; Abcam, Cambridge, UK), MMP-2 (1:500; 1:500; Abcam, Cambridge, UK); MMP-9 (1:500, millipore, USA); p-MLC (1:500; CST, USA); MLC (1:1000, CST, USA); ROCK1 (1:1000; Santa Cruz, USA); p-cofilin (1:500; Abcam, UK); cofilin (1:1000, Santa Cruz, USA) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 1:8000; Kangchen Bio-tech Inc., Shanghai, China). After washing, membranes were incubated with horseradish peroxidase-conjugated secondary antibody for 1.5 h. Immunoreactive bands were detected using the chemiluminescence system (ECL Plus; Amersham Life Science, Arlington Heights, IL, USA) and analyzed with Quantity One analysis software (Bio-Rad Laboratories Inc.). Each ischemic sample was normalized against GAPDH as well as the sham sample.

Immunoﬂuorescence Staining {#S0002-S2010}
--------------------------

Mice were anesthetized i.p. with 4% chloral hydrate (0.1 mL/10 g body weight) and transcardially perfused with 100 mL normal saline, followed by 100 mL of 0.1 M PBS containing 4% PFA (pH 7.4). Brains were post-fixed in 0.1 M PBS + 4% PFA overnight and subsequently dehydrated in 40% sucrose solution. Coronal brain sections (20 µm thick) were obtained using a cryostat (CM1950; Leica Microsystems, Wetzlar, Germany) and blocked for 1.5 h in 5% bovine serum albumin (BSA) in PBS with 0.1% Triton X-100. Sections were incubated overnight at 4°C in 3% BSA in PBS containing 0.1% Triton X-100 with an anti-ZO-1 antibody (1:50; ab59720, Abcam). After rinsing three times with PBS, sections were incubated for 2 h with a ﬂuorochrome-coupled secondary antibody. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; Beyotime Institute of Biotechnology, Shanghai, China). After rinsing with PBS, sections were visualized under a ﬂuorescence microscope (Leica Microsystems).

Statistical Analysis {#S0002-S2011}
--------------------

All results are expressed as means ± SD. Student's two-tailed *t*-test was used for comparisons between two groups and one-way analysis of variance followed by Dunnett's test for three or more groups. Data were considered statistically significant at *P \<* 0.05. All analyses were performed using GraphPad Prism software (Version 5.01; San Diego, CA, USA).

Results {#S0003}
=======

GRS Reduces Infarct Volume and Brain Water Content and Improves Behavioral Outcomes in I/R Mice {#S0003-S2001}
-----------------------------------------------------------------------------------------------

Infarct volume was evaluated in I/R mouse brains using 2,3,5-triphenyltetrazolium chloride (TTC) staining and visualized with ImageJ software (National Institutes of Health, Bethesda, MD, USA). Representative images of TTC-stained brain sections are presented in [Figure 2A](#F0002){ref-type="fig"}, with corresponding infarct volumes and statistical data summarized in [Figure 2B](#F0002){ref-type="fig"}. As shown in [Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}, ischemic hemispheres of the model group showed severe infarction (*P*\<0.01), compared to the sham-operated group. I/R mice additionally exhibited lower neurobehavioral scores (*P*\<0.01; [Figure 2C](#F0002){ref-type="fig"}). All three doses of GRS reduced cerebral infarct volume and improved neurological function. The efficacy of GRS at high doses was similar to that of edaravone (EDA), which was used as the positive control, indicative of GRS-induced improvement of ischemic brain injury in mice. As shown in [Figure 2D](#F0002){ref-type="fig"}, brain water content in the model group was significantly higher than that in the sham operation group (*P* \< 0.01). Treatment with medium and high GRS doses significantly reduced brain water content and edema in I/R mice, compared to their sham-operated counterparts. High-dose GRS (19.2 mg/kg) induced protective effects to a similar extent as EDA (*P* \< 0.01).Figure 2GRS reduces infarct volume and brain water content and improves behavioral outcomes in I/R mice. Mice were subjected to reperfusion for 24 h after 1 h of ischemia. GRS (6.4, 12.8, 19.2 mg/kg) and EDA (3 mg/kg) were administered immediately before reperfusion. (**A**) Protective effects of GRS on I/R-induced infarct volume. (**B**) Evaluation of brain infarct volume after transient MCAO/R. (**C**) Evaluation of mouse neurobehavioral scores after transient MCAO/R. (**D**) Protective effects of GRS on I/R-induced brain edema. Data are presented as means ± SD, n = 6. ^\#\#^*P* \< 0.01 vs sham group, \*\**P* \< 0.01 vs I/R mice, \**P* \< 0.05 vs I/R mice.

Effects of GRS on BBB Permeability in I/R Mice {#S0003-S2002}
----------------------------------------------

All three GRS doses induced varying degrees of CBF in the ischemic hemisphere of I/R mice ([Figure 3A](#F0003){ref-type="fig"}), with the highest dose exerting a similar effect as EDA (*P* \< 0.01). I/R led to increased vacuolation, nuclear pyknosis and decreased numbers of nerve cells in the infarct area. Treatment with GRS (19.2 mg/kg) significantly reduced vacuolation and cell damage (P\<0.01), indicative of a protective effect against I/R-induced brain damage ([Figure 3B](#F0003){ref-type="fig"}). At 24 h after reperfusion, EB leakage was greater in the I/R group, compared with that in the sham group ([Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}; *P* \< 0.01). GRS (12.8 and 19.2 mg/kg) significantly inhibited I/R-induced EB leakage to an equivalent level as EDA at the highest dose (*P* \< 0.01). Our findings clearly indicate that GRS effectively decreases I/R-induced BBB permeability.Figure 3GRS reduces BBB permeability in I/R mice. Following MCAO, CBF was measured using laser Doppler ﬂowmetry and histological analysis performed with H&E staining. At 2 h before euthanization, 0.1 mL per 10 g body weight of 2% EB in normal saline was injected into each animal. Animals were anesthetized and perfused with normal saline. (**A**) Protective effect of GRS against I/R-induced decrease in CBF in ischemic brain regions. (**B**) Effects of GRS on I/R-induced histological features of brain slices from ischemic brain regions. (**C**) Effects of GRS on MCAO/R-induced EB leakage. Use images of EB-stained brain sections detected in different groups following 24 h of reperfusion after MCAO to show. (**D**) Amount  and statistical result of EB extravasation. Data are presented as means ± SD, n = 6. ^\#\#^*P* \< 0.01 vs sham group, \*\**P* \< 0.01 vs I/R mice, \**P* \< 0.05 vs I/R mice.

GRS Enhances ZO-1 and Claudin-5 Levels in I/R Mice {#S0003-S2003}
--------------------------------------------------

ZO-1 protein levels were lower in brain tissue subjected to I/R, compared to the sham operation group, as shown in [Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}. Treatment with medium and high doses of GRS induced a significant increase in ZO-1 levels (*P*\<0.01). Consistently, immunofluorescence data showed markedly enhanced ZO-1 expression and distribution in brain microvascular endothelial cells (BMEC) of I/R mice treated with 19.2 mg/kg GRS.Figure 4Effects of GRS on TJ protein expression in I/R mice. Mice were subjected to 1 h of ischemia, followed by reperfusion for 24 h. GRS (6.4, 12.8, or 19.2 mg/kg) was administered immediately before reperfusion. Proteins extracted from the cortex of the ischemic hemisphere in operated mice and corresponding areas in sham-operated mice were examined via Western blot analysis. (**A**) Effects of GRS on I/R-induced ZO-1 expression. (**B**) Confocal immunofluorescent images of ZO-1 (green) and CD31, a marker of endothelial cells (red), in ischemic areas. (**C**) Expression of claudin-5. (**D**) Confocal immunofluorescent images of claudin-5 (green) and CD31 (red) in the ischemic area. Data are presented as mean ± SD, n = 3. ^\#\#^*P* \< 0.01 vs sham group; *^\#^P* \< 0.05 vs sham group; \*\**P* \< 0.01 vs model group, \**P* \< 0.05 vs I/R mice.

As shown in [Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}, claudin-5 protein levels were lower in brain tissue under I/R conditions, compared to the sham operation group. GRS (19.2 mg/kg) induced a significant increase in claudin-5 expression (*P*\<0.05). In immunofluorescence analyses, 19.2 mg/kg GRS significantly enhanced claudin-5 expression and distribution in BMECs in I/R mice.

GRS Suppresses MMPs and p-MLC Levels in I/R Mice {#S0003-S2004}
------------------------------------------------

MMP-2/9 levels were significantly increased in brain tissue following I/R. The I/R-induced increase was mitigated by GRS ([Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}). The protective effect of GRS on BBB may thus be attributable to inhibition of I/R-induced production of MMP-2/9. In addition, GRS significantly inhibited I/R-induced phosphorylation of MLC, suggesting that protective effects on BBB are mediated by regulating stress fiber formation in endothelial cells ([Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}).Figure 5Effects of GRS on MMP-2/9 and p-MLC in I/R mice. Mice were subjected to 1 h of ischemia, followed by reperfusion for 24 h. GRS (6.4, 12.8, or 19.2 mg/kg) was administered immediately before reperfusion. MMP-2 (**A**), MMP-9 (**B**) and p-MLC (**C**) levels were quantitatively analyzed via Western blot. Data are presented as means ± SD, n =3. ^\#\#^*P* \< 0.01 vs sham group; \**P* \< 0.05 vs model group; \*\**P* \< 0.01 vs model group. (**D**) Confocal immunofluorescent images of p-MLC (green) and the endothelial marker CD31 (red) in the ischemic hemisphere. Scale bar = 100 µm.

GRS Attenuates Endothelial Cell Permeability Disruption in OGD/R-Injured bEnd.3 Cells {#S0003-S2005}
-------------------------------------------------------------------------------------

bEnd.3 cells exposed to OGD/R were treated with GRS (1, 10, and 100 ng/mL) using EDA as a positive control. GRS (1--100 ng/mL) reduced OGD/R-induced sodium fluorescein leakage to a similar extent as EDA ([Figure 6A](#F0006){ref-type="fig"}), signifying effective protection against OGD/R-induced bEnd.3 cell barrier permeability. As shown in [Figure 6B](#F0006){ref-type="fig"} and [C](#F0006){ref-type="fig"}, all doses of GRS mitigated downregulation of ZO-1 protein in bEnd.3 cells exposed to OGD/R. ZO-1 continuously distributed in the control group. In contrast, ZO-1 protein expression was decreased and not continuously distributed in OGD/R cells. High-dose GRS (100 ng/mL) enhanced the expression and distribution of ZO-1 in bEnd.3 cells subjected to OGD/R to a significant extent. GRS (1--100 ng/mL) additionally inhibited OGD/R-induced downregulation of claudin-5 protein ([Figure 6D](#F0006){ref-type="fig"}). Claudin-5 protein was continuously distributed in the control group but decreased in the OGD/R group, with fragmented distribution. High-dose GRS (100 ng/mL) induced significant upregulation of claudin-5 protein and improved its distribution in bEnd.3 cells subjected to OGD/R. In view of these results, we propose that GRS reduces OGD/R-induced bEnd.3 cell barrier permeability by regulating the expression of TJ proteins ZO-1 and claudin-5.Figure 6Effects of GRS on TJ protein expression in OGD/R-treated bEnd.3 cells. Cells were pretreated with GRS (1-100 ng/mL) and EDA (100 μmol/L), and subjected to OGD for 6 h followed by reperfusion for 18 h. The barrier function protection effect of GRS was evaluated with sodium fluorescein assay. (**A**) Protective effect of GRS against OGD/R-induced bEnd.3 cell injury. Results are expressed as means ± SD, n = 5. ^\#\#^*P* \< 0.01 vs Control; \**P* \< 0.05 vs Model; \*\**P* \< 0.01 vs Model. (**B**) ZO-1 protein levels were quantitatively analyzed via Western blot. (**C**) Representative confocal immunofluorescent images of ZO-1 (green) and DAPI-stained nuclei (blue). (**D**) Western blot analysis of claudin-5 protein expression. (**E**). Confocal immunofluorescent images of claudin-5 (green) and DAPI-stained nuclei (blue). Results are presented as means ± SD, n = 3. *^\#\#^P* \< 0.01 vs Control; \* *P* \< 0.05 vs Model; \*\* *P* \< 0.01 vs Model.

Effects of GRS on MMP-2/9 and p-MLC Levels in OGD/R-Injured bEnd.3 Cells {#S0003-S2006}
------------------------------------------------------------------------

Enhanced MMP-2/9 expression under OGD/R conditions was inhibited upon treatment of bEnd.3 cells with GRS (1--100 ng/mL) ([Figure 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"}). The results suggest that GRS reduces OGD/R-induced permeability of the bEnd.3 cell barrier via inhibiting MMP-2/9 release. Furthermore, GRS significantly suppressed OGD/R-induced MLC phosphorylation in bEnd.3 cells ([Figure 7C](#F0007){ref-type="fig"} and [D](#F0007){ref-type="fig"}), supporting GRS-mediated prevention of formation of bEnd.3 stress fibers under OGD/R.Figure 7Effects of GRS on MMP-2/9, MLC, and ROCK/cofilin levels in OGD/R- injured bEnd.3 cells. Cells were treated with GRS (1--100 ng/mL) prior to 6 h of OGD and 18 h of reoxygenation. (**A**) Quantitative analysis of MMP-2 and (**B**) MMP-9 levels via Western blot. Band intensities were assessed via scanning densitometry and data normalized against GAPDH. Cells were treated with GRS (1--100 ng/mL) before 6 h of OGD in a hypoxic chamber and subjected to reoxygenation for 1 h. (**C**) Western blot analysis of phosphorylated MLC. (**D**) Confocal immunofluorescent images of F-actin (red), p-MLC (green) and nuclei (blue) in bEnd.3 cells. Scale bar = 20 µm. ROCK1 (**E**) and p-cofilin (**F**) levels were quantitatively analyzed via Western blot. Data are expressed as means ± SD, n = 3. ^\#\#^*P* \< 0.01 vs Control; \**P* \< 0.05 vs Model; \*\**P* \< 0.01 vs. Model.

Effect of GRS on ROCK/Cofilin Signaling in OGD/R-Injured bEnd.3 Cells {#S0003-S2007}
---------------------------------------------------------------------

ROCK1 was sheared and protein expression decreased in response to OGD/R. GRS at all three doses significantly inhibited OGD/R-induced shearing and enhanced expression and activation of ROCK1 ([Figure 7E](#F0007){ref-type="fig"}). In contrast, ROCK2 expression was not affected by GRS at any of the doses examined (data not shown). Additionally, OGD/R significantly enhanced cofilin phosphorylation (Ser-3), which was inhibited by GRS (10 and 100 ng/mL) ([Figure 7F](#F0007){ref-type="fig"}). Our results collectively demonstrate that GRS protects the bEnd.3 cell barrier against OGD/R-induced damage through the ROCK/cofilin signaling pathway.

Discussion {#S0004}
==========

Data from the current study showed that GRS (6.4--19.2 mg/kg) significantly improves the neurobehavioral score and CBF, reduces cerebral infarct volume, brain water content, and edema, and mitigates brain pathological changes in MCAO/R mice. GRS additionally reduced BBB permeability, as evident from decreased leakage of EB, degradation of barrier-related TJ proteins ZO-1 and claudin-5, expression of MMP-2/9 and phosphorylation of MLC. Our collective results clearly indicate that GRS, the active component group of Shengmai powder, effectively protects against ischemia-reperfusion-induced BBB injury. In vitro, GRS reduced OGD/R-induced bEnd.3 cell death and fluorescein sodium leakage, confirming improvement of the barrier function of bEnd.3 cells. Furthermore, GRS mitigated OGD/R-induced decrease in ZO-1 and claudin-5 expression in bEnd.3 cells and increase in MMP-2/9 expression and phosphorylation of MLC through the ROCK/cofilin signaling pathway. Clearly, GRS exerts significant protective effects against OGD/R-induced endothelial barrier damage in bEnd.3 cells.

MCA and its branches are the most commonly affected cerebral vessels in human ischemic stroke, accounting for about 70% infarctions. Therefore, an MCAO animal model is the best experimental representation of human ischemic stroke.[@CIT0020]--[@CIT0022] Neurobehavioral score and cerebral infarction volume are the main outcomes used to evaluate the degree of ischemic brain damage and efficacy of therapeutic drugs. Longa quintile is the most commonly used method for comprehensive neurobehavioral scoring in mice. TTC is a rapid and reliable indicator of hypoxic brain tissue, facilitating the determination of infarct volume and penumbra area.

A common characteristic of clinical cerebral ischemia is brain edema, which occurs as a result of fluid leakage into the brain across the BBB.[@CIT0022] Evaluation of CBF and HE staining are typical strategies for assessing ischemic brain injury. Detection of EB, an azo dye that binds to plasma albumin and only crosses the BBB upon disruption or damage, staining regions of the brain that are inaccessible under normal physiological conditions in brain tissue, reflects the degree of BBB damage.[@CIT0021] To confirm the effects of GRS on cerebral ischemia-reperfusion injury, three doses were administered intraperitoneally 1 h after MCAO induction in mice. GRS administration resulted in asignificant reduction in infarct volume and structural damage to ischemic tissue and brain edema, along with improved CBF. Our finding that GRS decreases I/R-induced brain injury in mice supports its therapeutic potential for cerebrovascular diseases ([Figures 2](#F0002){ref-type="fig"} and [3](#F0003){ref-type="fig"}).

BBB permeability is a characteristic feature of the early stages of ischemic stroke that contributes to stroke-induced brain injury.[@CIT0023] BBB is a crucial selective barrier for restricting transportation of substances between blood and CNS[@CIT0024] that helps maintain a healthy brain microenvironment and is essential for brain homeostasis. The function of BBB depends primarily on BMECs.[@CIT0025] These CNS endothelial cells have unique properties that ensure strict control of movement of ions and molecules between the blood and brain. Adjacent endothelial cells are connected by TJs, providing a physical barrier for transfer from blood to brain.[@CIT0026] Claudins are a family of more than 25 proteins with four transmembrane domains. Two of the domains connect with claudins of adjacent endothelial cells, forming the main barrier of TJs. The two inner rings are bound by carboxyl ends to the PDZ domain of ZO protein for stabilization of the cell structure. Claudin-1, -2, -3, -5, -11, and -12 are primarily expressed in endothelial cells of BBB. In particular, claudin-5 is highly expressed in BMECs and participates in regulating the paracellular permeability of small molecules through the BBB. Consequently, decreased claudin-5 expression results in augmentation of BBB permeability.[@CIT0027] We evaluated the TJ proteins, ZO-1 and claudin-5, as indicators of BBB integrity. Under conditions of MCAO/R, ZO-1 and claudin-5 levels were significantly reduced. These changes were attenuated by GRS, confirming protective effects against I/R-induced BBB damage ([Figure 4](#F0004){ref-type="fig"}).

MMPs are members of a calcium-dependent zinc endopeptidase superfamily that remodel and degrade ECM, with important roles in inflammation, tissue transformation, and the innate immune response.[@CIT0007] The ECM provides a scaffold that allows BBB to participate in signal transduction within the neurovascular unit. Therefore, MMPs that degrade the neurovascular matrix have become a major research target for prevention and treatment of CNS diseases.[@CIT0028] Stroke can trigger aberrant MMP expression, leading to ECM degradation and TJ damage due to type IV collagen loss, resulting in increased BBB permeability.[@CIT0029],[@CIT0030] Previous studies have reported that inhibition of MMP-9 activity and deletion of the MMP-9 gene can reduce I/R-induced BBB damage in mice.[@CIT0031],[@CIT0032] Our experiments clearly showed inhibition of I/R-induced increase in MMP-2/9 expression and prevention of BBB damage by GRS ([Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}).

Cytoskeletal rearrangement in BMECs is the initiating factor for BBB damage during the early stage of I/R. Inhibition of early endothelial cell cytoskeletal rearrangement suppressed stroke-induced BBB damage and secondary brain injury, thereby reducing long-term neurological deficits.[@CIT0033] Stress fibers are actinomyosin bundles that participate in cytoskeleton formation. Excessive production of stress fibers disrupts homeostasis, resulting in cell shrinkage and enlargement of intercellular gaps.[@CIT0034] Actinomyosin filament polarity determines the degree to which stress filaments induce cell shrinkage.[@CIT0035] Previous studies have demonstrated that myosin II activation is mediated by MLC phosphorylation (Thr-18/Ser-19), which is regulated by MLC kinase, MLC phosphatase, and ROCK.[@CIT0036],[@CIT0037] Excessive phosphorylation of MLC results in increased Mg^2+^-ATPase activity, promoting myosin aggregation with actin to form stress fibers and consequent cytoskeletal rearrangement.[@CIT0014] In our experiments, GRS significantly inhibited I/R-induced phosphorylation of MLC, suggestive of protective effects against stress fiber-induced cytoskeletal rearrangement ([Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}).

In vitro evaluation of BBB damage is typically performed by subjecting primary or immortalized BMECs to OGD/R.[@CIT0038] Using cell culture to evaluate BBB damage reduces the risk of interindividual differences among animals and facilitates evaluation of single cells[@CIT0039] and experiments with immortalized cell lines should minimize the number of animals for testing. Based on the finding that in ischemic stroke, damage to BMECs aggravates injury to the neurovascular unit leading to poor clinical outcomes,[@CIT0025] BMECs are frequently used as an in vitro model for evaluation of BBB function. ZO-1, claudin-5, and other TJ proteins are more abundant in bEnd.3 cells than other cell lines, which exhibit several BBB characteristics.[@CIT0040] Accordingly, bEnd.3 cells are the most commonly used in vitro BBB model.[@CIT0041] The OGD/R model simulates pathological changes that occur during I/R, including low blood oxygen concentration and secondary injury after reperfusion. Previous studies have shown that OGD for 4 h, followed by reperfusion, leads to increased bEnd.3 cell permeability and TJ protein degradation.[@CIT0042] In the current study, the bEnd.3 cell model was applied to simulate the effects of I/R in vitro.

Microvascular endothelial cell permeability is a key index reflecting endothelial barrier integrity.[@CIT0043] Changes in cell barrier permeability in vitro can be evaluated by measuring the exudation rate of sodium fluorescein. bEnd.3 cells cultured for 7 days formed a dense monolayer with high transepithelial electrical resistance, resulting in extensive barrier function and low exudation of sodium fluorescein.[@CIT0038] In our study, GRS (1--100 ng/mL) significantly reduced sodium fluorescein leakage to a similar extent as the positive control, indicating effective reduction in OGD/R-induced bEnd.3 permeability ([Figure 6A](#F0006){ref-type="fig"}).

The TJ protein complex comprises a series of transmembrane and cytoplasmic attachment proteins critical for maintaining the structure and function of the BMEC barrier. Changes in TJ protein expression and distribution in response to OGD/R lead to increased endothelial barrier permeability. Therefore, TJ status is an important indicator of endothelial barrier permeability.[@CIT0044] Our experiments showed that GRS reduces OGD/R-induced permeability of the bEnd.3 cell barrier by regulating the expression of the TJ proteins, ZO-1 and claudin-5 ([Figure 6](#F0006){ref-type="fig"}).

OGD/R is known to induce endothelial cell injury and MMP-2/9 expression and activity, along with the degradation of ECM and TJ proteins.[@CIT0033] As shown in [Figure 7](#F0007){ref-type="fig"}, GRS (1-100 ng/mL) inhibited MMP-2/9 expression and MLC phosphorylation in bEnd.3 cells, clearly suggesting a role in the maintenance of BBB integrity.

Rho/ROCK is a molecular switch for several signal transduction pathways and the main regulator of the actin cytoskeleton.[@CIT0045] ROCK is the most important effector protein downstream of Rho. Activation of ROCK promotes cytoskeletal rearrangement through phosphorylation of cofilin and MLC. Cofilin is a critical regulator of actin that cleaves and depolymerizes F-actins, produces free actin monomers, promotes actin recombination, and regulates cytoskeleton dynamics.[@CIT0046] Phosphorylation of cofilin at Ser-3 inhibits the depolymerization of F-actin.[@CIT0047] Phosphorylated MLC activates ATPases to promote myosin contraction, resulting in increased interactions between myosin and actin, along with the formation of stress fibers. The contractile force produced by stress fibers promotes the formation of intercellular microspaces.[@CIT0048] Our results suggest that GRS protects against OGD/R-induced bEnd.3 barrier damage, thus, GRS could inhibit the expression of the trough ROCK1 and p-cofilin. ([Figure 7](#F0007){ref-type="fig"}).

Ischemic stroke recurrence and mortality rates are increasing due to the lack of effective treatments. Shengmai, a TCM compound used for prevention and treatment of Qi and Yin deficiency, is composed of ginseng, *Ophiopogon japonicus*, and *Schisandra chinensis*. Shengmai invigorates Qi, generates Jin, nourishes Yin, and relieves sweat. The active ingredient group is obtained as Shengmai powder originating from Gufang Shengmai powder, which has been screened repeatedly using orthogonal design quantitative pharmacology based on a myocardial ischemia model (ginsenoside Rb1: Rus: schisandrin A= 6:0.75:6). Several reports have demonstrated that Shengmai preparation, administered via injection or orally, and its active ingredients, Rb1 and ruscogenin, exert obvious protective effects against inflammation and BBB damage induced by ischemic brain injury.[@CIT0016],[@CIT0019],[@CIT0049] However, the beneficial activity of GRS against ischemic stroke and associated mechanisms have not been established until now.

Conclusion {#S0005}
==========

The pathogenesis of ischemic cerebral stroke is complex. BBB disruption results in secondary brain injury and poor clinical prognosis. In this study, a C57BL/6J mouse model under MCAO/R was employed to investigate the effects of GRS on BBB permeability in ischemic stroke. The protective effects of Shengmai active ingredients on OGD/R-induced endothelial cell barrier permeability and associated mechanisms were examined in bEnd.3 cells. The results show that the ROCK/cofilin pathway plays a major role in the protective activity of GRS in vitro experiment. Since GRS is a compound preparation that potentially affects multiple signaling pathways, further studies are required to evaluate whether other pathways additionally contribute to these effects.
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